Signaling by G protein-coupled melanocortin-2 receptors requires MRAP, a transmembrane accessory protein that forms antiparallel homodimers. Results: Mutational analysis of MRAP-MRAP-receptor fusion proteins established that MRAP oriented with an extracellular amino terminus is essential. Conclusion: MRAP acts on the outside of the cell in the ACTH-MRAP-MRAP-receptor signaling complex. Significance: The results provide insight into molecular mechanisms of GPCR accessory proteins.
structure with an extracellular amino terminus, seven transmembrane domains, and intracellular carboxyl terminus, and most initiate heterotrimeric G protein signaling in response to agonists. The rhodopsin-like class A family of GPCRs includes five melanocortin (MC) receptors that are activated by peptides cleaved from the pro-opiomelanocortin precursor. All five MC receptors activate G s and stimulate cAMP formation. The MC2, or ACTH receptor, is highly expressed in the adrenal cortex and mediates normal and stress-related ACTH responses. Among natural hormones, only ACTH can activate the MC2 receptor. Inactivating mutations in the MC2 receptor cause familial glucocorticoid deficiency (type 1), a potentially fatal disease characterized by ACTH resistance (1) .
Metherell et al. (2) discovered that some individuals with familial glucocorticoid deficiency harbor mutations in a small protein which is now termed MRAP for MC2 receptor accessory protein. MRAP enhances trafficking of the MC2 receptor to the plasma membrane and is absolutely required for ACTH binding and signal transduction (2) (3) (4) . MRAPs are small proteins with a single predicted transmembrane domain. The amino-terminal and transmembrane domains are highly conserved and essential for MRAP function, whereas the region carboxyl-terminal to the transmembrane domain is not (5) (6) (7) . Two splice variants of human MRAP differ almost completely on the carboxyl side of the transmembrane helix; however, both support strong ACTH responses (3) .
Substantial evidence indicates that MRAP forms an antiparallel homodimer (4, 6, 8, 9) . This structure is highly unusual and possibly unique among single pass membrane proteins. MRAP dimerization was initially demonstrated by co-immunoprecipitation of differentially tagged MRAPs. Dual topology was discovered when antibodies directed against natural or experimentally added epitopes on either the amino-or carboxyl-terminal side of the transmembrane region detected MRAP on the cell surface. Mouse MRAP contains a single potential N-glyco-sylation site in the amino terminus, and approximately half of mouse MRAP molecules are N-glycosylated, consistent with an antiparallel homodimer. Using bimolecular fluorescence complementation, we found that fluorescence was reconstituted when one fragment of YFP was on the amino terminus of MRAP and the other was on the carboxyl terminus (6) . Analysis by bioluminescence resonance energy transfer has also supported a predominantly antiparallel orientation (10) .
MRAP and MC2 receptors appear to be at least partially colocalized by conventional fluorescence microscopy (2, 3, 5, (11) (12) (13) . The MRAP dimer co-precipitates with MC2 receptors from whole cell lysates or from a pool of receptors isolated from the plasma membrane (4, 7, 10, 14, 15) . In addition, fluorescence complementation occurs when the YFP fragments are on the carboxyl-terminal ends of MRAP and the MC2 receptor (6, 16) . Finally, MRAP and MC2 receptors undergo ACTH-dependent internalization and recycling together (12) . These data imply that the accessory protein and receptor interact directly or at least very closely.
Mutational analysis has shown that MRAP has two distinct functions: to permit receptor maturation and trafficking to the plasma membrane and to allow ACTH to bind to and activate mature receptors at the surface (3, 6, 7, 9) . Several regions of the conserved amino-terminal and transmembrane domains are essential for full MRAP activity. In particular, a Tyr-rich domain between residues 14 and 20 is necessary for ACTH binding and signaling but not for MC2 receptor trafficking. A stretch of positively charged residues in the juxtamembrane region of MRAP is required for dual orientation, MRAP dimer formation, and MC2 receptor trafficking (6) . N-Glycosylation on the N out MRAP partner is present but not required (4) .
Despite the importance of the MRAP-MC2 receptor interaction, there is little understanding of how the accessory protein works. The dual topology of MRAP has made it impossible to determine whether highly conserved regions of the MRAP amino terminus act inside the cell, perhaps regulating G protein coupling, or on the outside where they might impact ACTH binding directly. The goals of this study were to ascertain whether the essential MRAP amino terminus is required on the extracellular or cytoplasmic surface, whether dual topology is necessary, and whether the transmembrane domain is required in both orientations. The strategy was to fix the orientation of the two antiparallel MRAP molecules and then introduce mutations on either side of the plasma membrane. This was achieved by creating fusion proteins containing tandem copies of MRAP fused to the amino terminus of the MC2 receptor. The results firmly establish that only the copy of MRAP oriented with the amino terminus on the extracellular side of the receptor is essential for signal transduction.
Experimental Procedures
Plasmids-Human MC2 receptor with an amino-terminal 3xHA epitope tag was from Missouri S&T cDNA Resource Center. MC2R-MRAP and constructs with CD8 transmembrane domains were synthesized by GeneWiz and GenScript. Mutations in MRAP and MC2 receptors were made using QuikChange (Stratagene). Mouse MRAP (mMRAP)-V5-human MRAP␣ (hMRAP␣) tandem and fusion constructs were created using overlap extension PCR. Wild-type or mutant mMRAP was PCR-amplified using a 5Ј primer with an NheI restriction site and 3Ј primer containing a partial sequence for the V5 epitope. Wild-type hMRAP␣ was amplified using a 5Ј PCR primer containing a region of overlap with the V5 primer and a 3Ј primer containing an in-frame MluI site. The two PCR products were annealed and extended using no outside primers. PCR products were cloned in the pCR2.1 TA cloning vector and sequence-verified. To generate tagged tandem constructs, the tandem MRAP cDNAs were cloned in-frame between the NheI and MluI sites of a modified pCI-Neo vector containing the 3xFLAG epitope between the MluI and NotI sites. To create fusion constructs, tandem constructs were excised with NheI and MluI and cloned in-frame into a pcDNA3.1ϩ vector containing 3xHA-MC2 receptor between MluI and NotI sites. The same strategy was used for hMRAP␣-V5-mMRAP constructs.
Cell Growth and cAMP Assays-HEK293 cells were grown in DMEM with 5% fetal bovine serum and transfected using 3 l of Lipofectamine 2000/g of DNA. Each well of a 96-well dish was transfected with 50 ng of DNA, including plasmids encoding CRE-luciferase (15-25 ng), MC2 receptor, MRAP, fusion protein, and empty vector or GFP to balance DNA concentrations. The MC2 receptor:MRAP DNA ratio was 2:1. cAMP responses were measured in cells expressing a CRE-luciferase reporter gene with multimerized cAMP response elements from Dr. George Holz at State University of New York Upstate Medical University (Syracuse, NY). At 24 -48 h after transfection, cells were stimulated with 0 -1 M human ACTH(1-24) (ACTH) or 20 M forskolin in serum-free DMEM containing 1 mg/ml BSA and in some experiments 20 mM HEPES, pH 7.5. After 4 -5 h, medium was replaced with 50 l of Firefly Reagent from Nanolight Technology, and luciferase activity was quantified in a BioTek plate reader. Responses were expressed as a percentage of the forskolin response in the same experiment. ACTH caused no increase in cAMP unless MC2 receptor was transfected. Unless noted, values shown are mean Ϯ range or S.E. of duplicates or triplicates. Where not visible, error bars were within symbol size. The significance of differences between groups was analyzed by analysis of variance with Tukey's post hoc analysis. EC 50 values were obtained using Prism software.
For cAMP mass measurements, cells in 24-well dishes were transfected as described above and incubated for 20 min at 37°C in serum-free medium containing 0.1% BSA and 0.5 mM isobutylmethylxanthine. cAMP was extracted in 300 l 0.1 N HCl and quantified using cAMP Direct ELISA kits from Enzo Life Sciences.
Epitope Expression-The relative concentration of 3xHA-MC2R on the plasma membrane was measured in a fixed cell ELISA protocol. In brief, cells in a 24-or 48-well plate were washed with PBS, fixed with 3% paraformaldehyde for ϳ20 min, washed, and incubated for ϳ1 h with 1:5000 HA-11 monoclonal anti-HA antibody (Covance) in PBS containing 5% nonfat dry milk. Plates were then washed twice and incubated for ϳ1 h with 1:5000 HRP-labeled anti-mouse IgG in PBS/milk. After two additional washes, 3,3Ј,5,5Ј-tetramethylbenzidine substrate (Sigma-Aldrich) was added. When color development was adequate (1-20 min), reactions were stopped with 10% sulfuric acid, and A 450 was read. Results were expressed as percentage of HA signal obtained in cells expressing MC2 receptor/MRAP in the same experiment. Similar protocols were used to measure V5 and FLAG epitopes using 1:5000 dilutions of monoclonal anti-V5 (AbD Serotec) or M2 anti-FLAG (Sigma-Aldrich). Total concentration of epitope-tagged proteins was measured with the same protocol except that antibody incubation buffers contained 1% Triton X-100 to permeabilize cells. All experiments included control cells transfected with empty vector or GFP, and this background has been subtracted.
Western Blots-HEK293 cells in a 6-well plate were transfected with 1 g of DNA/well. The next day cells were washed and lysed in 200 l of buffer containing 150 mM NaCl, 50 mM Tris-Cl, 1 mM EDTA, and 1% Triton X-100, pH 8.0. Lysates were centrifuged at 10,000 ϫ g for 20 min. Fifty microliters of 4ϫ NuPAGE sample buffer containing 200 mM dithiothreitol was added to 150 l of lysate supernatant, and samples were run on 10% SDS-polyacrylamide gels. Proteins were transferred to nitrocellulose and immunoblotted overnight at 4°C in Trisbuffered saline with 0.05% Tween 20 and 5% nonfat dry milk containing 1:5000 monoclonal antibodies to HA or V5 epitopes followed by incubation with 1:5000 HRP-anti-mouse IgG at room temperature.
Microscopy-Cells were grown on glass coverslips for microscopy. To detect externally oriented epitopes, live cells were incubated with monoclonal anti-V5 or anti-HA antibodies diluted 1:1000 in PBS with 5% goat serum cells for 30 min at 18°C to minimize internalization and then washed three times with PBS prior to fixation with 2% paraformaldehyde for 10 min. Coverslips were next washed, incubated with goat antirabbit Alexa Fluor 546 (Life Technologies) diluted 1:1000 in PBS/goat serum for 1 h at room temperature, and washed. To detect total epitope pools, cells were first washed with PBS and fixed and then washed and permeabilized in PBS/goat serum containing 0.5% Triton X-100. Coverslips were incubated with anti-V5 and anti-HA antibodies diluted 1:2500 in PBS/goat serum with Triton X-100 for 1 h at room temperature, washed, and incubated an additional 1 h with 1:1000 goat anti-rabbit Alexa Fluor 546 in the same buffer. Coverslips were mounted in Prolong Gold with DAPI. Images were obtained using an Olympus FV1000MP microscope in confocal mode with a 60ϫ numerical aperture 1.35 oil objective (Olympus). Alexa Fluor 546 was excited at 559 nm with emission at 618 nm, and DAPI was excited at 405 nm with 461 nm emission.
Results

Ability of Concatenated MRAP to Support MC2 Receptor
Signaling-To test the feasibility of the fusion protein approach, we first determined whether a tandem MRAP protein is functional. We engineered expression cassettes containing two MRAP molecules connected with a 21-aa linker that included a V5 epitope tag and a 3xFLAG tag on the carboxyl terminus ( Fig. 1A) . HEK293 cells were transfected to express the MC2 receptor alone or with free MRAP or tandem MRAP-MRAP. The MC2 receptor had an amino-terminal 3xHA tag, which enabled us to estimate the relative amount of receptor on the plasma membrane of fixed but non-permeabilized cells (4). A similar assay was used for tandem MRAP-MRAP, which was found in dual orientations as depicted in Fig. 1A (data not shown).
Signaling activity was quantified by co-transfecting CRE-luciferase, a cAMP reporter (17) . ACTH stimulated a robust increase in cAMP when the receptor was expressed with either MRAP or MRAP-MRAP ( Fig. 1B) , showing that the accessory protein is sufficiently flexible to interact with receptor in a tandem conformation. ACTH responses were indistinguishable when receptor was expressed with MRAP or tandem constructs containing mMRAP-mMRAP, mMRAP-hMRAP␣, and hMRAP␣-mMRAP. Surface expression of the MC2 receptor was lower in cells expressing tandem MRAP than in those expressing free MRAP ( Fig. 1, legend) .
Signaling by MC2 Receptors Fused to MRAP Dimers-To construct the accessory protein-receptor fusion construct, the tandem MRAPs described above were inserted in-frame to the amino terminus of the wild-type MC2 receptors with an aminoterminal 3xHA epitope ( Fig. 1A ). Cells were transfected to express fusion proteins containing two mMRAPs or two hMRAP␣s. Both mMRAP-mMRAP-MC2R and hMRAP␣-hMRAP␣-MC2R responded to ACTH with maximal cAMP responses comparable with those obtained with wild-type receptor with free MRAP (Fig. 1C ), although higher concentrations of ACTH were required to activate the fusion proteins (EC 50 ϭ 0.20 nM for wild-type receptor/MRAP and 10 nM for fusion proteins). Similar findings were obtained using mMRAP-hMRAP␣-MC2 receptor and hMRAP␣-mMRAP-MC2R as shown below. Fusion proteins displayed no constitutive activity and no response to 1 M [Nle 4 ,D-Phe 7 ]-␣-melanocyte-stimulating hormone (where Nle is norleucine), a potent agonist for other members of the MC receptor family (not shown). Fusion constructs were not expressed as well as free MC2 receptor on the cell surface ( Fig. 1, legend) .
Lack of Activity of MC2 Receptors Fused to a Single MRAP-We also tested MC2 receptors with a single MRAP fused to either the amino or carboxyl terminus of the receptor (Fig. 1 , D-F). Because the 68-aa carboxyl terminus of mMRAP is not conserved and predicted to be disordered, we reasoned that fusing MRAP at the receptor amino terminus would not constrain the receptor severely. Conversely, the cytoplasmic tail of the MC2 receptor is short (ϳ20 aa), and the 36-aa amino terminus of MRAP is highly conserved and predicted to be partially helical. For this reason, we inserted a flexible (GGGS) 3 linker between the receptor and MRAP in the MC2R-MRAP construct. MRAP-MC2R displayed weak but measurable activity, whereas MC2R-MRAP was completely inactive (Fig. 1E ). Co-expressing MC2R-MRAP and MRAP-MC2R did not increase activity. Surface expression of these proteins was low, particularly for MC2R-MRAP, suggesting that these constructs are either unstable or poorly transported to the plasma membrane ( Fig. 1, legend) . Nonetheless, both MRAP-MC2R and MC2R-MRAP signaled strongly when co-expressed with free MRAP, proving that receptors with MRAP fused at either end reach the membrane and respond to ACTH (Fig. 1F) .
Effect of Receptor Expression on Response-We explored the relationship between the amount of receptor expressed on the plasma membrane and the cAMP response by transfecting cells with various amounts of DNA encoding either free MC2 recep-tor and MRAP or MRAP-MRAP-MC2 receptor fusion ( Fig. 2 ). There was no detectable cAMP response to ACTH when cells were transfected with no receptor or with MC2 receptor alone, consistent with the absence of MC2 receptor and MRAP in these cells (3, 18) . With free MC2 receptor plus MRAP and with fusion protein, maximal cAMP reporter gene responses were obtained when surface receptor levels were far below maximal. Free MC2 receptor appeared to be expressed at 5-fold higher levels than MRAP-MRAP-MC2 receptor, but because the 3xHA epitope tag was on the amino terminus of the MC2 receptor and sandwiched between MRAP and the receptor in the fusion protein, the ELISA signals may not be directly comparable.
Orientation of MRAP-MRAP-MC2 Receptor Fusion
Proteins-Immunofluorescence microscopy was used to determine the orientation of fusion proteins on the plasma membrane ( Fig. 3 ). Cells were transfected to express free V5-MRAP plus free 3xHA-MC2 receptors or MRAP-V5-MRAP-3xHA-MC2 receptor fusion proteins. Both active fusion protein containing wild-type MRAP and an inactive fusion protein containing a mutant MRAP (described below) were tested. To detect epitopes on the extracellular side of the plasma membrane selectively, we incubated live cells with anti-HA and anti-V5 antibodies and then washed the cells extensively before fixation. To detect the total pool of epitope-tagged proteins, we fixed and permeabilized cells and then incubated the cells with antibody in the presence of detergent. The HA epitope of the receptor was localized at the plasma membrane in a punctate pattern in all cases. As predicted by the dual topology model, V5 was visible at the plasma membrane of cells expressing free V5-MRAP. In contrast, V5 was not detected on the surface of cells expressing fusion proteins, consistent with the orientation depicted in Fig. 1A . Not surprisingly in transient transfection studies, free MRAP, free receptor, and fusion proteins were also localized in the endoplasmic reticulum and Golgi apparatus. Cell surface ELISA approaches supported the conclusion that the predominant orientation of the MRAP-MRAP-MC2 receptor is with the receptor amino terminus facing the extracellular space (data not shown).
Activity of Mutant MRAP-MRAP-MC2 Receptor Fusion Proteins-The sequence of the amino terminus of mMRAP is shown in Fig. 4A . To identify regions critical for activity, we tested a series of mutants for their ability to support signaling by the MC2 receptor (Fig. 4B ). The receptor again showed no response to ACTH in the absence of MRAP and a robust cAMP response in the presence of wild-type MRAP. MRAP activity was strongly inhibited by substituting Ala for the LDYI sequence at residues 18 -21 (18 -21A), and by replacing Tyr-14, -16, -17, and -20 with Phe (4Y to F). Alanine substitution or deletion of most of the basic residues immediately preceding the transmembrane domain (31-37A and del31-37) also inhibited activity. The EC 50 for ACTH (0.52 nM with wild-type MRAP) was increased over 100-fold with all of these aminoterminal mutants of MRAP, and the maximal responses were reduced. We also replaced most of the transmembrane domain of MRAP with the transmembrane domain from human CD8; this caused a complete loss of activity. The MC2 receptor was expressed at levels expected to be sufficient for maximal activity in all cases (Fig. 4C ). MRAP mutants 18 -21A and del31-37 were previously studied in CHO cells where they also had greatly reduced activity (6) .
A critical objective of this study was to ascertain whether the important amino-terminal domains of MRAP are required on the extracellular or intracellular face of the receptor. For this purpose, mutations that inactivate MRAP were introduced in the first copy of MRAP (termed A) or the second copy (termed B), placing potentially inactivating mutations ( Fig. 5 , shown in red) on either the extracellular or intracellular side of the plasma membrane. MRAP-MRAP-MC2R responded strongly to ACTH (Fig. 5A ). Substitution of residues 18 -21 or the four amino-terminal Tyr residues of the extracellular (A) MRAP reduced maximal cAMP responses by over 75% and increased EC 50 values for ACTH by over 100-fold. Deletion or alanine substitution of 7 aa in the positively charged stretch just before the transmembrane domain of the A MRAP likewise reduced or abolished activity. Results were much different when the same mutations were introduced into the second, intracellular (B) MRAP (Fig. 5B ). In this case, the mutations had little or no effect on the ACTH response.
Because the CRE-luciferase reporter is downstream and requires several hours for activation, desensitization could have a substantial effect on the readout of the assay. For this reason, we measured a more proximal step in receptor activation, generation of the second messenger cAMP (Fig. 5C ). cAMP mass measurements were normalized to the relative concentration of receptors on the surface, which is reported in the legend. ACTH stimulated an 18-fold increase in cAMP mass in cells expressing free receptor plus MRAP and 7-25-fold increases in cells expressing fusion proteins. When cAMP mass was quantified, EC 50 values were fairly similar for free receptors and fusion proteins containing wild-type MRAPs (1.08 Ϯ 0.48 and 1.81 Ϯ 0.9 nM, respectively). The fusion proteins displayed better activity, relative to free receptor, when cAMP mass rather than cAMP reporter activity was measured, suggesting possible differences in desensitization or other downstream processes.
In agreement with measurements of the CRE-luciferase responses, fusion proteins containing the inactive (18 -21A) MRAP in the A copy were much less active than those with the same mutation in the B position when cAMP was quantified. These results indicate that the N out copy of MRAP is needed for the initial signaling event.
Mutant Fusion Protein Expression- Fig. 6A presents data compiled from multiple studies in which ACTH responses and surface expression of MRAP-MRAP-receptor fusion proteins and wild-type MC2 receptor were compared in the same experiments. Fusion proteins containing wild-type MRAP displayed 70 -80% of the activity of free MC2 receptor/ MRAP in response to 1 M ACTH, a concentration sufficient to generate maximal responses. All fusion proteins containing mutations in the A subunit were significantly less active than the corresponding wild-type version, whereas none of the fusions with mutations in the B copy of MRAP differed from control.
Surface expression of all of the fusion proteins was compared with MC2 receptor alone, again measured at the same time. There was more variability in surface expression than in activity. Western blots provided an estimate of total receptor con-centration ( Fig. 6B ). All of the fusion proteins ran at high molecular weight in broad bands on SDS-PAGE as expected because both MRAP and MC2 receptors have consensus sites for N-glycosylation and are known to be glycosylated (4, 19) . In general, mutations in the A MRAP reduced expression, suggesting less efficient folding or trafficking.
We also performed titration experiments using DNA encoding both the inactive (A copy) and active (B copy) versions of fusion proteins containing (18 -21A)-and del(31-37)MRAP ( Fig. 7A ). MRAP-(18 -21A)MRAP-MC2R and free MC2R were expressed at high levels, but the highly active MRAP-del(31-37)MRAP-MC2R was present on the surface at lower density as were the two inactive fusions. Fusion) as shown. After 24 h, live cells were incubated with monoclonal anti-HA antibody to detect surface-localized 3xHA-tagged MC2 receptors or monoclonal anti-V5 antibody to detect V5-tagged MRAP. Cells were then washed and fixed, and epitopes were visualized with Alexa Fluor 546-anti-mouse IgG (shown in white). Total HA and V5 epitopes were detected in cells that were fixed and permeabilized with detergent before incubation with anti-HA or anti-V5 antibodies followed by Alexa Fluor 546-anti-mouse IgG, all in the continued presence of detergent. Blue shows nuclei stained with DAPI. Images are 0.5-m slices through the middle of cells; a 5-m scale bar is shown in the upper left. Intensity and contrast were adjusted identically for all images, which were typical in terms of epitope localization and intensity. Surface V5 staining was not detected in any cells expressing fusion proteins. Control cells transfected with empty vector showed no surface or total staining for either epitope.
To determine whether the concentration-response relationship depended on receptor expression, we transfected cells with 10-fold different amounts of receptor DNA and measured CRE-luciferase responses and surface expression ( Fig. 7B) . None of the constructs with mutations in the A copy of MRAP displayed much activity, whereas fusion proteins with wild-type or mutant MRAPs in the B position responded well at both low and high expression levels. Effects of receptor concentration on the EC 50 values for ACTH varied in different directions, and the differences were less than 10-fold in all cases. For comparison, using the same assay, we found that overexpression of the ␤ 2 -adrenergic receptor shifted the EC 50 for isoproterenol to the left by more than 100-fold.
Importance of the MRAP Transmembrane Domain-If the primary function of the highly conserved transmembrane domain is simply to bring the antiparallel MRAP dimer to the receptor, it seemed conceivable that this segment could be replaced in MRAP-MRAP-receptor fusions where the orientation of the two MRAP molecules was fixed. We therefore replaced 23 aa of the MRAP transmembrane region with the 23-aa transmembrane sequences from human CD8 in fusion proteins. CD8 normally has an N out orientation. When the CD8 transmembrane domain was placed in the A copy of MRAP, activity of the (CD8-TM)MRAP-MRAP-MC2R was reduced but not entirely absent (Fig. 8) . When the CD8 transmembrane domain was inserted into the B copy of MRAP, the MRAP-(CD8-TM)MRAP-MC2R was fully active. This result is in striking contrast to the finding that free (CD8-TM)MRAP was completely non-functional (compare Figs. 4 and 8) . When both copies of MRAP in the fusion protein contained CD8 transmembrane helices, the MC2 receptor was inactive. Surface expression of all CD8-substituted fusions appeared to be adequate (Fig. 8C) .
Evidence for Formation of Multimeric MRAP-Receptor
Complexes-We tested responses of active and inactive MRAP-MRAP-receptor fusions in the presence of co-transfected MRAP. When MRAP-MRAP-MC2R was expressed with free wild-type MRAP, the concentration-response curve shifted to the left such that the free receptor and the fusion protein gave equivalent ACTH responses (Fig. 9A ). Furthermore, co-expressed free MRAP completely restored the activity of the fusion protein inactivated by the 18 -21A substitution in the A copy of MRAP (Fig. 9B ).
We next asked whether an MRAP-MRAP-receptor fusion protein containing an inactive receptor would be able to activate a wild-type receptor in the absence of free MRAP. Ala substitution for Glu-80 near the top of the second transmembrane helix of the MC2 receptor has previously been shown to cause a 10-fold reduction in ACTH binding (20) . This residue is conserved and believed to interact directly with the melanocortin pharmacophore His-Phe-Arg-Trp. We replaced Glu-80 with Lys and found a complete loss of activity (Fig. 9C) . The MRAP-MRAP-(E80K)MC2R was likewise completely inactive, and addition of free MRAP did not unveil any signaling. When MRAP-MRAP-(E80K)MC2 receptor was expressed with free wild-type MC2 receptor, however, a significant ACTH response was observed (Fig. 9C ). E80K substitution did not inhibit surface receptor expression ( Fig. 9D) . These findings are most easily explained if multiple MRAP molecules and multiple MC2 receptors interact (Fig. 9E) .
Activity of MRAP-MRAP-MC2 Receptors in CHO Cells-We elected to work with HEK293 cells because their strong cAMP responses were helpful for analysis of weakly active mutant fusion proteins. HEK293 cells have no detectable MRAP, but they do contain mRNA encoding MRAP2 (19) , which can promote MC2 receptor trafficking and dimerize with MRAP (6, 8). When cells are transfected with MRAP2 and MC2 receptors, micromolar concentrations of ACTH are required to stimulate cAMP formation as opposed to subnanomolar concentrations with MRAP (6) . As shown by the open circles in Figs. 1 and 4 of this study, HEK293 cells transfected with MC2 receptor but without an accessory protein failed to respond to ACTH at any concentration; i.e. endogenous MRAP2 could not support signaling. Surface expression of MC2 receptor is more dependent on transfected MRAP in CHO cells than in HEK293 cells (2) (3) (4) likely because endogenous MRAP2 is absent or less abundant in CHO cells. For this reason, we repeated key experiments using CHO cells and confirmed that free MRAP and tandem versions of both wild-type and mutant MRAP assumed dual topology ( Fig. 10A, left) . The predominant orientation of both active (wildtype and (18 -21A)MRAP in the B copy) and inactive fusion proteins ((18 -21A)-and (31-37A)MRAPs in the A copy) was the same as that determined in HEK293 cells with the HA-tagged receptor amino terminus on the extracellular face of the membrane (Fig. 10B ). Most importantly, the MRAP copy with an N out topology was again required for activity in CHO cells (Fig. 10C) , establishing that the results reported here were not confounded by the possible presence of MRAP2 in HEK293 cells.
Discussion
The fusion protein approach has provided conclusive evidence that signaling by the MC2 receptor requires MRAP actions on the outside of the cell where it is poised to affect ACTH binding and receptor activation. Two regions of ACTH are particularly important for activating the MC2 receptor: the His-Phe-Arg-Trp pharmacophore (residues 6 -9 of ACTH) and Lys-Lys-Arg-Arg-Pro (residues16 -20) (20, 21) . Although no MC receptor structure has been solved, analyses of evolutionary patterns, responses to ACTH analogs, and effects of receptor mutations have led to structural models in which the ACTH peptide interacts with amino acids at the extracellular face of multiple transmembrane helices (20, 22) . Liang et al. (21) have suggested that binding is a two-step process in which the KKRRP segment of ACTH engages the receptor first and causes conformational changes that enable HFRW binding and G protein coupling. The MRAP partner in the N out orientation could contribute at either step.
Roy et al. (5) have reported that hMRAP␣ is present in a single N in orientation on the plasma membrane. It is difficult to reconcile this finding with our contention that N out MRAP is essential for activity. Experiments utilizing bioluminescence resonance energy transfer led Cooray et al. (10) to conclude that an antiparallel dimer was the active form of hMRAP␣, and we have found that surface-localized V5-hMRAP␣-3xFLAG assumes a dual topology (data not shown). These contradictory results may reflect differences in expression levels or the use of different epitope tags, although algorithms such as TM-PRED and TMHMM predict that the epitope-tagged MRAPs used will in all cases strongly prefer an N out orientation. Our finding that N out MRAP is required does not mean that N in MRAP has no function. In fact, the MRAP-MC2 receptor, where the single MRAP was presumably orientated with N in , had low but real activity; without MRAP, there was no detectable ACTH response.
A key question is whether mutant fusion proteins failed to respond to ACTH because they were not expressed well on the plasma membrane or because they were intrinsically less active. Some of the inactive mutants were in fact expressed weakly. Nonetheless, titration experiments showed that increasing the levels of surface-localized receptors failed to increase maximal responses or lower EC 50 values substantially for either wildtype or mutant fusion proteins. These results support the conclusion that the Tyr-rich and juxtamembrane Lys-rich regions of the N out copy of MRAP, which faces the outside of cells, are required for either ACTH binding or ACTH-dependent conformational changes initiating the signal transduction cascade. The results are in accord with our previous finding that free MRAPs with mutations in these regions support MC2 receptor trafficking but not the binding of radiolabeled ACTH or signaling (6) .
The molecular basis of MC2 receptor-MRAP association in unknown. Interestingly, missense mutations in human MC2 receptors responsible for clinical ACTH resistance do not prevent receptors from interacting with hMRAP␣ but do prevent them from reaching the plasma membrane (23) . All teleost and tetrapod MC2 receptors require MRAP, but MC2 receptors from a cartilaginous fish do not (11, 24) . Unfortunately, the mammalian and elephant shark receptors are sufficiently different that a basis for MRAP dependence cannot be deduced readily from their sequences (11) . Several groups have gener- ated MC2/MC4 receptor chimeras in an effort to pinpoint the differences that account for MRAP dependence (25) (26) (27) (28) . This approach has not provided any simple answers either, but the data are consistent with involvement of the receptor amino terminus, outer regions of transmembrane helices 2 and 3, and the second extracellular loop, which could interact with the N out MRAP partner, as well as receptor transmembrane domains.
The existence of MC2 receptor dimers has been reported previously based on co-immunoprecipitation, bimolecular fluorescence complementation, and bioluminescence resonance energy transfer approaches (10, 16) . Here we found that free MC2 receptor, which is incapable of signaling on its own, becomes functional in the presence of a fusion protein containing wild-type MRAPs fused to a dead receptor. This implies that multiple receptors can interact with a single MRAP dimer; it was not previously known whether receptors in oligomers actually signal. We also found that free MRAP rescues responses of fusion proteins containing inactivating MRAP mutations; this is most easily explained if a single receptor is in a complex with multiple MRAP dimers. In accord with the present data, Cooray et al. (10) observed bioluminescence resonance energy transfer signals consistent with antiparallel MRAP dimers and a weak signal suggesting additional interactions between MRAPs in a parallel orientation but only when MC2 receptors were included. They concluded that at least two antiparallel MRAP dimers and one MC2 receptor are present in a signaling complex. Fridmanis et al. (27) also proposed that MRAPs interact with a receptor at different positions. We failed to detect fluorescence when YFP fragments were placed on the MRAP carboxyl terminus, perhaps due to the particular geometry of the constructs or lack of sensitivity (6). There is a large and ongoing debate in the literature concerning the role of monomers versus oligomers in signaling by rhodopsin family GPCRs (29, 30) , and the data described here should be interpreted cautiously. Because relatively few receptors are needed for maximal signaling, multimers of MRAP and MC2 receptors may have been abundant enough to generate a robust cAMP response but a minor species overall. Overexpression is expected to drive the formation of multimeric complexes. Despite these caveats, it is clear that at least for the fusion proteins characterized here 1) multiple MRAP dimers Relative expression of V5 and FLAG epitopes on the cell surface and in permeabilized cells was determined as described under "Experimental Procedures" and expressed relative to total for each epitope. B, CHO cells were transfected with wild-type or mutant MRAP-MRAP-MC2R fusion proteins. Total and surface HA and V5 epitopes were measured, and results were expressed relative (rel.) to total for each epitope. Although relative expression of an epitope can be compared for different mutants, surface expression of proteins cannot be compared directly with total because of differences in assay conditions. C, CHO cells were transfected to express MRAP plus MC2 receptor or the MRAP-MRAP-MC2 receptor constructs shown, and responses to ACTH were determined. Error bars show S.E. can interact with a single receptor, 2) multiple receptors can interact with a single MRAP dimer, and 3) higher order structures can generate ACTH-mediated cAMP responses.
The MC receptor family has a number of unusual features. Multiple endogenous agonists are derived from a single peptide precursor, and endogenous inverse agonists (agouti signaling protein and agouti-related protein) powerfully suppress MC1, MC3, and MC4 receptor signaling. Although only the MC2 receptor requires an accessory protein, MRAP and MRAP2 both co-precipitate with all five MC receptors, and MRAP2 regulates responses of several of them, most notably the MC4 receptor involved in food intake and energy expenditure (6, 13-15, 31, 32) . MRAP and MRAP2 heterodimerize readily, and MRAP2 can act in a dominant negative fashion to antagonize the effects of MRAP on the MC2 receptor (8) . The results shown here raise the possibility that multiple dimers of MRAP and MRAP2 can interact with a given receptor, adding a new dimension to an already complex signaling system.
Many GPCRs can be expressed easily and signal well in widely used model cell systems; MC1 and MC3-5 receptors fall into this category. Others, including most in the large odorant and taste receptor families, are notoriously difficult to express. A smaller set of GPCRs, including MC2 receptors, are inactive unless bound to specific accessory proteins. One group of accessory proteins, the receptor transport proteins (RTP1-4), act selectively at certain GPCRs to promote folding and trafficking to the plasma membrane. RTP1S acts at multiple steps to enable odorant receptors to reach the plasma membrane (33, 34) , whereas RTP4 promotes trafficking of -␦-opioid receptor heterodimers (35) . RTPs are single transmembrane domain proteins with an N in -C out orientation, but they are thought to act intracellularly because a cytoplasmic version is active (36) . Receptor activity-modifying proteins (RAMPs) (37) interact with secretin-like (B family) GPCRs characterized by a long, structured amino terminus. RAMPs are small proteins with large extracellular amino-terminal domains, single transmembrane helices, and very short intracellular tails. RAMPs form stable complexes with receptors and exert dramatic effects on ligand specificity. In the presence of RAMPs 1-3, the calcitonin receptor becomes an amylin receptor, whereas the calcitonin receptor-like receptor binds calcitonin gene-related peptide with RAMP1 but is converted to an adrenomedullin-binding form in the presence of RAMP2 or -3. The crystal structure of the complex between the extracellular domains of RAMP1 and calcitonin receptor-like receptor has been solved and shows a large interaction surface between RAMP1 and the receptor (38) .
Like RAMP1 and calcitonin receptor-like receptor, MRAP accompanies its receptor from the endoplasmic reticulum to the plasma membrane where the accessory protein remains stably associated and necessary for agonist binding. However, a minimum of one MRAP dimer associates with each MC2 receptor. Both the N out MRAP and the MC2 receptor have small extracellular domains. It is not clear whether the MRAP dimer interacts with the MC2 receptor exclusively through the extracellular regions or, as seems more likely, through interactions that also involve transmembrane domains. Novel approaches will be needed to determine whether MRAP or multiple MRAPs participate directly in ACTH binding or act indirectly to drive the receptor into a conformation with high ACTH affinity.
Given the evidence that the N out MRAP is the business end of the antiparallel MRAP dimer, it is reasonable to ask what the N in copy of MRAP is doing. The dual topology MRAP2 protein arose more than 500 million years ago at about the same time as MC receptors, and gene duplication events gave rise to MRAP and additional MC receptors (24, 39) . We can speculate that the antiparallel MRAP dimer is needed for binding to MC receptors or for MRAP stability, requirements that were bypassed in the fusion proteins, but additional work will be required to test these ideas. The findings described here may serve as a stepping stone to a deeper insight into the important ACTH signaling pathway.
